The nucleotide sequences of the D1/D2 domains of large subunit (26S) ribosomal DNA for 76 strains of 46 species of pathogenic dematiaceous fungi and related taxa were determined. Intra-species sequence diversity of medically important dematiaceous fungi including Phialophora verrucosa, Fonsecaea pedrosoi, Fonsecaea compacta, Cladophialophora carrionii, Cladophialophora bantiana, Exophiala dermatitidis, Exophiala jeanselmei, Exophiala spinifera, Exophiala moniliae, and Hortaea werneckii were extremely small; as few as 0 changes were detected in C. bantiana, Fonsecaea and Exophiala species, 1 bp in C. carrionii and H. werneckii, and 2 bp in P. verrucosa. Inter-species nucleotide diversity between most species was higher. These data suggested that the D1/D2 domain is sufficiently variable for identification of pathogenic dematiaceous fungi and relevant species. The phylogenetic trees constructed from the sequence data revealed that most human pathogenic species formed a single cluster and that Cladosporium and Phialophora species were distributed polyphyletically into several clusters.
Introduction
Dematiaceous fungi are usually de¢ned as having melanin or melanin-like pigment in the wall of their hyphae and/or spores [1] . They are widely distributed in nature. The major infections caused by dematiaceous human pathogens are classi¢ed into two groups of disease: chromoblastomycosis and pheohyphomycosis [2] . Chromoblastomycosis is a chronic infection of cutaneous and subcutaneous tissues. Verrucose lesions and round, brown, and thick-walled muriform cells (sclerotic bodies) in tissues are characteristics of this infection [2, 3] . The principal etiologic agents of chromoblastomycosis are Fonsecaea pedrosoi, Fonsecaea compacta, Cladophialophora carrionii, Phialophora verrucosa, and Rhinocladiella aquaspersa [1] . Pheohyphomycosis is a primary or opportunistic infection that ranges from the super¢cial tissue to deep organs. The etiologic agents are present in host tissues with melanized yeast-like cells, pseudohyphae-like elements, hyphae or any combination of these forms [2] . In recent literature, 59 species of 28 genera and three classes were described as the etiologic agents of pheohyphomycosis [1] . The numbers of case reports of infections with dematiaceous fungi have increased [4^12] . Outcomes of antifungal therapies for these infections have remained poor. A high mortality rate (79%) was reported in disseminated pheohyphomycosis patients even with antifungal therapy [13] . Identi¢ca-tion of pathogenic dematiaceous fungi is typically done by morphological and physiological procedures [14^17] however, these procedures are time-consuming, require technical expertise, and are ine¡ective for identi¢cation of species with poor conidia production and a wide diversity in anamorphic life cycles [18] .
Genetic methods have high sensitivity and speci¢city for identifying microorganisms. The D1/D2 domains of the large subunit ribosomal DNA (LSUrDNA) have been reported to be useful for identi¢cation of most ascomycetous yeasts [19, 20] and medically important zygomycetes [21] . Thus, the sequences of the D1/D2 domains could serve as reliable and practical criteria for identi¢cation of most known yeasts. However, no research on the D1/D2 domains of dematiaceous fungi has been done. The objective of the present study was to investigate the e⁄cacy of these domains for identi¢cation of medically important dematiaceous fungi. We analyzed D1/D2 domain sequences for 76 strains of 46 species of fungi and related species. The sequence data were then used to study the phylogenetic relation among these organisms, and between the genus Phialophora and pathogenic Chaetothyriales.
Materials and methods

Fungi
The 76 strains of 46 species of pathogenic dematiaceous fungi and related taxa analyzed in the present study are listed in Table 1 .
DNA extraction
DNAs were prepared as described previously [22] . Brie£y, approximately 50 mg of fungal elements were suspended in 600 Wl extraction bu¡er (200 mM Tris^HCl, pH 7.5, 25 mM EDTA, 0.5% w/v sodium dodecyl sulfate, 250 mM NaCl). The mixture was vortexed for 15 s, incubated at 100 ‡C for 15 min, kept on ice for 60 min, and then centrifuged at 14 000Ug for 15 min. Supernatants were transferred to new tubes and extracted with phenol^chlo-roform^isoamyl alcohol (25:24:1 v/v). Each sample DNA was precipitated with cold isopropanol (320 ‡C), dried, and resuspended in 100 Wl distilled water.
Ampli¢cation and sequencing of D1/D2 domains
The D1/D2 domains of the LSUrDNA were ampli¢ed with primers NL-1, 5P-GCATATCAATAAGCGGAGG-AAAAG-3P and NL-4m, 5P-GGTCCGTGTTTCAAGA-CG-3P [23] . Polymerase chain reaction (PCR) was carried out in 50 Wl reactions containing 5 Wl of template DNA, 5 Wl (2 pmol) each primer, 4 Wl (2.5 mM) dNTP mixture (Nippon Gene, Tokyo, Japan), 0.25 Wl (5 U Wl 31 ) Taq polymerase (Nippon Gene), and 5 Wl 10Ureaction bu¡er (Nippon Gene). Ampli¢cation was performed with a PCR Thermal Cycler MP (TaKaRa Shuzo, Tokyo, Japan) under the following conditions: 1 cycle of 95 ‡C for 4 min followed by 30 cycles of 94 ‡C for 1 min, 55 ‡C for 2.5 min, and 72 ‡C for 2.5 min, with a ¢nal extension at 72 ‡C for 10 min. The ampli¢ed products were puri¢ed with SUPREC1-02 (TaKaRa) and subjected to direct sequencing with an ABI Prism 3100 sequencer after labeling with BigDye1 Terminator Cycle Sequencing Ready Reaction (Applied Biosystems, Foster City, CA, USA). The external primers, NL-1 and NL-4m, and the internal primers, NL2m, 5P-CTTGTGCGCTATCGGTCTC-3P and NL-3m, 5P-GAGACCGATAGCGCACAAG-3P, were used to sequence each DNA sample.
The sequence data were aligned with CLUSTAL W (version 1.6) [24] . Phylogenetic trees were constructed with the neighbor-joining (NJ) method. The nucleotide sequences for all strains examined were registered in the DNA Data Bank of Japan (DDBJ) under the accession numbers shown in Table 1 .
Results
The length of the nucleotide sequence for each strain is summarized in Table 1 . They ranged from 602 bp to 618 bp. For 10 medically important species, C. carrionii, C. bantiana, E. dermatitidis, E. jeanselmei, E. moniliae, E. spinifera, F. pedrosoi, F. compacta, H. werneckii, and P. verrucosa, multiple strains were analyzed to investigate di¡erences in sequence length and intra-species nucleotide substitutions. Variations in sequence length were not observed in any of the 10 species. These data are summarized in Table 1 . To detect nucleotide di¡erences, type strains were selected as the reference species for seven species. For the three remaining species, P. verrucosa, F. compacta, and C. bantiana, the type strains were unavailable or di⁄cult to obtain; therefore, strains IFM 4928, IFM 4886, and IFM 46164 were used as reference strains, respectively. Intra-species nucleotide variation was not detected in C. bantiana, E. dermatitidis, E. jeanselmei, E. moniliae, E. spinifera, F. pedrosoi, and F. compacta. Single nucleotide substitutions were found in C. carrionii and H. werneckii, and changes at two nucleotides were found in P. verrucosa. Therefore, the sequences of D1/D2 domains of the medically important species examined in this study were highly conserved.
A matrix of the nucleotide di¡erences between Cladophialophora (C.) and Cladosporium (Cl.) species is shown in Table 2 . The number of nucleotide di¡erences among members of Cladophialophora species ranged from ¢ve between C. devriesii, C. minourae, and C. arxii to 26 between C. devriesii, C. minourae and C. bantiana. These data supported the sequences of D1/D2 domains is useful for identi¢cation of Cladophialophora species. Cladosporium species showed di¡erences ranging from zero to 134 nucleotides. Cl. coralloides and Cl. cladosporioides had identical sequences, and Cl. fulvum had two nucleotide di¡erences from each of Cl. coralloides, Cl. cladosporioides, and Cl. colocasiae. Cl. colocasiae showed three nucleotide di¡erences from each of Cl. coralloides and Cl. cladosporioides. For the species in which the number of nucleotide di¡erences was less than three, the sequences of D1/D2 domains are considered to be not su⁄cient criteria to identify con¢dently each species. However, the other species can be identi¢ed by the sequence of the domains.
Nucleotide di¡erences among Phialophora species are shown as a matrix in Table 3 . P. verrucosa is the type species of the genus Phialophora and is a human pathogen. P. verrucosa is morphologically and physiologically similar to P. americana, and these species are not clearly separated in the medical literature. The two species di¡ered at ¢ve nucleotide positions, whereas they showed a large number Table 2 Matrix of nucleotide di¡erences in D1/D2 domains of LSUrDNA between Cladophialophora (C.) and Cladosporium of di¡erences from 11 saprophytic and rare pathogenic species of this genus. In the genus Phialophora, P. lagerbergii, P. bubakii, P. atrovirens, and P. heteromorpha had identical sequences, and the sequence of P. melinii di¡ered at only one position. P. cinerescens had four or ¢ve di¡er-ences from the ¢ve species listed above. Other species, such as P. richardsiae, P. repens, P. fastigiata, and P. oxyspora, were found to have characteristic sequences that di¡ered from each other with high numbers of nucleotide substitutions, averaging 100. With the exception of the ¢ve species with identical sequences or single nucleotide variations, the sequence of the D1/D2 domains is a useful tool for identi¢cation of both pathogenic and saprophytic species of genus Phialophora. A matrix of the nucleotide di¡erences for 10 medically important species was generated to evaluate the usefulness of these sequences for identi¢cation (Table 4 ). Data were obtained by comparison of D1/D2 domain sequences for the type strains of seven pathogenic species. As described earlier, IFM 4886, IFM 46164, and IFM 4928 were used as reference strains for F. compacta, C. bantiana and P. verrucosa, respectively. F. pedrosoi and its dysplastic variant, F. compacta, were found to have identical sequences as predicted. The smallest di¡erence, three nucleotides, was found between C. bantiana and P. verrucosa, and small di¡erences of six nucleotides were observed both between C. bantiana and C. carrionii and between E. spinifera and E. jeanselmei. The largest di¡erence, 130 nucleotides, was observed between C. bantiana and H. werneckii. In general, the number of di¡erences was distributed in the range of 20^30 nucleotides. These results suggest that the sequences of the D1/D2 domains might be useful for identi¢cation of these pathogenic dematiaceous species except for discrimination between C. bantiana and P. verrucosa. We also compared the data for H. werneckii, the causative agent of tinea nigra, and Exophiala species because H. werneckii was classi¢ed into the genus Exophiala prior to 1984. As shown in Table 4 , there were more than 120 di¡erences between H. werneckii and all ¢ve species of Exophiala. This strongly supports the validity of establishing Hortaea as an independent genus. The phylogenetic trees constructed by the NJ method for Chaetothyriales and for all examined species are shown in Figs. 1 and 2 , respectively. Aspergillus fumigatus was used as an outgroup. The tree of Fig. 1 shows that almost all human pathogens, including F. pedrosoi, F. compacta, P. verrucosa, P. americana, all species of Cladophialophora and Exophiala form one cluster, and also that Exophiala species are located as a monophyletic cluster separated from human pathogens described above. Polyphyletic characteristics in Phialophora species were inferred from their cluster formations; P. verrucosa and P. americana were closely related to species of the genera Fonsecaea and Cladophialophora, P. fastigiata clustered with the genus Exophiala, and P. oxyspora formed a single-membered cluster independently. Of the 13 species examined, the nine Table 3 Matrix of nucleotide di¡erences in D1/D2 domains of LSUrDNA of Phialophora . The results for Chaetothyriales in Fig. 1 were principally not a¡ected by adding other examined species. P. richardsiae and P. repens were closely related to Phaeoacremonium and Lecythophora species of order Sordariales. The species in the order Dothideales, including Aureobasidium pullulans, H. werneckii and Cladosporium species, formed one cluster with Alternaria alternata of the order Pleosporales. Cl. herbarum was more distantly related to other Cladosporium species, with lower sequence homology.
Discussion
Dematiaceous fungi, including medically important species, have been typically identi¢ed by morphological and physiological characteristics. Such methods are laborious and sometimes cannot distinguish such species with polymorphic conidiogeneses or lacking conidia formation. Genetic methods such as RAPD (random ampli¢ed polymorphic DNA) and RFLP (restriction fragment length polymorphism) have been used to identify medically important dematiaceous species [25^29] ; however, these methods are considered to be more appropriate for taxonomy, typing, and epidemiological investigation of fungi than identi¢cation. Recently, sequences of the internal transcribed spacer region and D1/D2 domains of rDNA have been used for identi¢cation purposes due to the higher accuracy and objectivity of such methods. Since sequence data for the D1/D2 domains of dematiaceous fungal taxa have not been reported, the present study aimed to collect the data and then to evaluate them as a criterion for identi¢cation of dematiaceous fungi, especially medical pathogens.
We examined multiple strains for each medically important species. High intra-species conservation of nucleotide sequences of the D1/D2 domains was observed in 10 pathogenic species. No intra-species nucleotide substitutions were detected in seven species described previously, and the largest number of substitutions was only two in a strain of P. verrucosa. On the other hand, high nucleotide substitutions were shown between species. F. pedrosoi and F. compacta have identical D1/D2 sequences. The two species are morphologically and physiologically similar [30, 31] . RAPD and RFLP methods have been used to investigate genetic variations between these species [26, 32] ; however, variations were not found. It is possible that F. compacta is not an independent species but a variant of F. pedrosoi. P. verrucosa and C. bantiana have only three nucleotide substitutions and the nucleotide diversity is less than 0.5%. However, the two species have large diversity in their morphology and pathogenicity. The former is a causative agent of chromoblastomycosis, whereas the latter one is associated with cerebral pheohyphomycosis [1, 15] . This is an example that morphological characteristics may have a higher contribution to discriminating two species than any genetic evidence including the D1/ D2 domain sequence.
Of some saprophytic and pathogenic species of the genera Phialophora and Cladosporium, several species were found to have identical or highly homologous sequences with substitutions at only one or two positions. For such species, the nucleotide sequences are incapable of discriminating each species, and it is expected to ¢nd any genetic region with greater nucleotide variation. Four Phialophora species, P. lagerbergii, P. bubakii, P. atrovirens, and P. heteromorpha, have identical sequences in D1/D2. These data may become new evidence to discuss the necessity of their re-identi¢cation. Except for the species mentioned above, other species could be discriminated from each other by the sequence of D1/D2 domains. Especially for medically important species, except P. verrucosa and C. bantiana, the domain is applicable for identi¢cation of all species.
The tree (Fig. 1 ) of the species of genus Phialophora and pathogenic Chaetothyriales demonstrated the phylogenetically characteristic relationships among them: the close phylogenetic distances of human pathogens of Fonsecaea species, all Cladophialophora species, and the two species of P. verrucosa and P. americana cluster formation in all Exophiala species examined and the phylogenetic diversity of the genus Phialophora.
In the tree (Fig. 2) for all examined species, the phylo- Table 1 .
genetic results for the genus Phialophora and Chaetothyriales discussed above are principally not changed by adding other taxa. As a new ¢nding, Rhinocladiella species are demonstrated to have a close interrelation to the genus Exophiala. The tree also includes some interesting information on phylogenetic distances among dematiaceous fungal taxa; the genus Phialophora is a polyphyletic taxon; the genus Cladosporium has a completely remote distance from the genus Cladophialophora, and should be polyphyletic ; although much higher numbers of tested fungi need to be analyzed, the genera Lecythophora pullulans and H. werneckii, weak pathogens, might form an independent cluster in taxon [B-1]. The phylogenetic relationship of pathogenic dematiaceous fungi was de¢ned from the trees constructed using the D1/D2 domain sequences.
In conclusion, the sequences of the D1/D2 domains were evaluated to be applicable for identi¢cation of many taxa of dematiaceous fungi, especially of human pathogenic species. On the other hand, for some pathogenic or saprophytic Phialophora and Cladosporium species which have identical sequences or an inter-species se- quence diversity of less than 0.5%, the domain is not useful for their identi¢cation. For these species, morphological characteristics may be used as the prevailing criteria, because no other genetic region having a higher ability to discriminate species than D1/D2 domain has been found to date.
